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The performed work i n  t h e  research  p e r i o d  f rom September 1, 1987, t o  
February 29, 1988, can be d i v i d e d  i n t o  t h r e e  ca tegor ies .  
i n c l u d e s  t h e  development o f  a XeCl l a s e r  pumped i o d i n e  l a s e r  o s c i l l a t o r  which 
w i l l  be i n c o r p o r a t e d  i n t o  t h e  Master O s c i l l a t o r  Power A m p l i f i e r  (MOPA) 
system. The developed XeCl l a s e r  produces o u t p u t  energy about  60 mJ p e r  
pu lse.  The p u l s e  d u r a t i o n  was about 10 nsec. When a 5 cm l o n g  l a s e r  tube 
f i l l e d  w i t h  t-C4FgI a t  t h e  pressure  70 t o r r  w i t h  t h e  developed XeCl l a s e r ,  a 
100 PJ i o d i n e  l a s e r  o u t p u t  w i t h  p u l s e  d u r a t i o n  about 500 nsec was obta ined.  
The research  i s  c o n t i n u i n g  t o  i n c r e a s e  t h e  o s c i l l a t o r  o u t p u t  energy t o  1 mJ. 
l a s e r  was r e f i n e d  and t h e  a l g o r i t h m  f o r  t h e  c a l c u l a t i o n  o f  a s e t  o f  r a t e  
equat ions  was improved t o  i n c r e a s e  t h e  accuracy and t h e  e f f i c i e n c y  o f  t h e  
c a l c u l a t i o n .  The improved a l g o r i t h m  was a p p l i e d  t o  e x p l a i n  t h e  e x i s t i n g  
exper imenta l  da ta  taken f rom a f lash lamp pumped i o d i n e  l a s e r  f o r  t h r e e  k i n d s  
o f  l a s a n t s ,  i-C3F71, n-C4FgI, and t-C4FgI. 
I n  t h e  t h i r d  ca tegory ,  v a r i o u s  s o l i d  l a s e r  m a t e r i a l s  were e v a l u a t e d  f o r  
solar-pumping. The m a t e r i a l s  s t u d i e d  i n  t h i s  research  were Nd:YAG, Nd:YLF and 
Cr:Nd:GSGG c r y s t a l s .  The s l o p e  e f f i c i e n c y  o f  0.17 percent  was measured f o r  
t h e  Nd:YLF near  t h e  t h r e s h o l d  pump i n t e n s i t y  which was 211 s o l a r  c o n s t a n t s  
(29W/cm2). 
s o l a r  c o n s t a n t s  (32W/cmZ) and t h e  n e a r - t h r e s h o l d  s lope e f f i c i e n c y  was 
0.12 percent .  True CW l a s e r  o p e r a t i o n  o f  Cr:Nd:GSGG was p o s s i b l e  o n l y  a t  pump 
i n t e n s i t i e s  l e s s  than o r  equal t o  1,500 s o l a r  c o n s t a n t s  (203 W/cm2). 
f a c t  was a t t r i b u t e d  t o  t h e  h i g h  thermal  f o c u s i n g  e f f e c t  o f  t h e  Cr:Nd:GSGG rod.  
The f i r s t  ca tegory  
I n  t h e  second ca tegory ,  t h e  k i n e t i c  model f o r  t h e  solar-pumped i o d i n e  
The t h r e s h o l d  pump i n t e n s i t y  o f  t h e  Nd:YAG was measured t o  be 236 
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T h i s  r e p o r t  i n c l u d e s  t h e  development o f  a XeCl exc imer  l a s e r  pumped 
i o d i n e  l a s e r  o s c i l l a t o r  which w i l l  be i n c o r p o r a t e d  i n t o  t h e  Master  O s c i l l a t o r  
Powler Amp1 i f i e r  (MOPA) system. The devel  oped XeCl l a s e r  produces o u t p u t  
energy about 60 mJ p e r  pulse.  
20 nsec. 
s e c t i o n  1 cm2, t h e  i o d i n e  l a s e r  tube was pumped w i t h  t h e  XeCl l a s e r  
l o n g i t u d i n a l l y .  
was found t o  be about  20 mJ when t h e  o p t i c a l  c a v i t y  was composed o f  a curved 
f u l l  r e f l e c t o r  w i t h  r a d i u s  o f  c u r v a t u r e  5 m and a 98.5 p e r c e n t  r e f l e c t i v e  f l a t  
o u t p u t  c o u p l e r  m i r r o r .  
o s c i l l a t o r  was measured t o  be 500 nsec. 
The p u l s e  d u r a t i o n  o f  t h e  XeCl l a s e r  i s  about  
A f t e r  f i l l i n g  70 t o r r  o f  t -C4FgI i n  a 5 cm l o n g  q u a r t z  c e l l  w i t h  c r o s s  
The t h r e s h o l d  pumping energy o f  t h e  i o d i n e  l a s e r  o s c i l l a t i o n  





A s o l a r  pumped l a s e r  i s  an a t t r a c t i v e  l a s e r  system f o r  space a p p l i c a t i o n s  
such as t h e  l a s e r  p r o p u l s i o n  o f  space v e h i c l e s  i n  space and power t r a n s m i s s i o n  
f rom space t o  Earth.  
source on a d i f f e r e n t  p l a n e t  i n  t h e  s o l a r  system when t h e  p l a n e t  i s  s u b j e c t  t o  
e x p l o r a t i o n  by human beings. 
wave (CW) mode o f  o p e r a t i o n  has a p p a r e n t l y  t h e  b e s t  space a p p l i c a b i l i t y .  
However, i n  a s p e c i f i c  a p p l i c a  i o n  such as t h e  l a s e r  p r o p u l s i o n  o f  space 
v e t i i c l  es, p u l  se 1 a s e r  a1 so has good app l  i c a b i  1 i t y  [ 11. 
A t  p resent ,  v a r i o u s  exper  menta l  and t h e o r e t i c a l  research  r e s u l t s  a r e  
r e p o r t e d  f rom v a r i o u s  research  i n s t i t u t i o n s .  The o u t p u t  power o f  t h e  most 
powerfu l  s o l a r  pumped CW l a s e r  r e p o r t e d  a t  p r e s e n t  reaches t o  about 60 W by 
u s i n g  a s o l i d  s t a t e  l a s e r  m a t e r i a l  (Nd: YAG) [2]. The exper imenta l  CW s o l a r  
pumped gas l a s e r  research  i s  conducted e x c l u s i v e l y  i n  t h e  NASA Langley 
Research Center  u s i n g  i o d i n e  compounds. The o u t p u t  power o f  t h e  s o l a r  
s i n i u l a t o r  pumped gas l a s e r  reaches more t h a n  10 W when n-C3F71 i s  used as t h e  
gas medium [3]. 
a b s o r p t i o n  band and a h i g h  a c t i v e  atomic d e n s i t y  compared w i t h  t h e  gaseous 
l a s e r  m a t e r i a l ,  however, i t  has s e r i o u s  disadvantages f o r  t h e  solar-pumped 
The s o l a r  pumped l a s e r  can a l s o  be a p r i m a r y  power 
Among t h e  l a s e r  o p e r a t i o n  modes, a cont inuous  
The s o l i d  s t a t e  l a s e r  m a t e r i a l  has a coup le  o f  advantages such as a broad 
l a s e r  a p p l i c a t i o n  such as t h e  thermal  l e n s i n g  an 
o p e r a t e d  a t  a h i g h  power. Thus, t h e  s c a l a b i l i t y  
c o n s t r a s t  t o  t he  sol  i d  s t a t e  l a s e r  m a t e r i a l ,  t he  
n o t  have any s e l f - f o c u s i n g  problem, and t h e  heat  
m a t e r i a l  i s  very  e a s i l y  accompl ished by c i r c u l a t  
s e l f - f o c u s i n g  e f f e c t  when 
i s  very  l i m i t e d .  I n  
gaseous 1 aser  rnater i  a1 does 
removal f rom t h e  l a s e r  
ng t h e  l a s e r  gas. 
The CW solar-pumped l a s e r  research  i s  p a r t i a l l y  success fu l  i n  v a r i o u s  
l a b o r a t o r i e s ,  however, because o f  t h e  l i m i t a t i o n s  o f  l a s e r  m a t e r i a l  and t h e  
weak s o l a r  i r r a d i a n c e ,  a s i n g l e  l a s e r  o s c i l l a t o r  can h a r d l y  produce very h i g h  
o u t p u t  pwoer. The p r o j e c t i o n  t o  g e t  1 MW o u t p u t  power shows t h a t  t h e  t u b e  
l e n g t h  o f  t h e  l a s e r  o s c i l l a t o r  should be about 10 m and t h e  d iameter  about 
2 m [4]. 
and t h e  a l ignment  o f  t h e  l a s e r  o p t i c s  w i l l  be very c r i t i c a l .  
I n t r o d u c i n g  a Master O s c i l l a t o r  Power A m p l i f i e r  (MOPA) system, t h e  heavy 
l a s e r  o p t i c s  can be e l i m i n a t e d  and t h e  degree o f  accuracy i n  t h e  a l ignment  o f  
The l a s e r  o p t i c s  f o r  such a l a r g e  l a s e r  system w i l l  be very  heavy 
3 
1 
t h e  l a s e r  system can be reduced. 
l a s e r  o s c i l l a t o r  i s  i n c o r p o r a t e d  w i t h  t h e  a m p l i f i e r ,  h i g h  peak o u t p u t  power 
c o u l d  be achieved r a t h e r  e a s i l y  w i t h  a smal l  a m p l i f i e r .  The c a l c u l a t i o n  shows 
t h a t  a peak o u t p u t  power of 36 MW can be o b t a i n e d  w i t h  an a m p l i f i e r  t h a t  i s  
10 m i n  l e n g t h  and has a d iameter  o f  10 cm when 2 t o r r  o f  i-C3F71 i s  f i l l e d  i n  
t h e  a m p l i f i e r  and pumped w i t h  200 s o l a r  cons tan ts  [5]. 
concept, a XeCl excimer l a s e r  pumped i o d i n e  l a s e r  o s c i l l a t o r  i s  developed i n  
t h i s  research  p e r i o d  as d e s c r i b e d  i n  t h e  f o l l o w i n g  sec t ions .  
Moreover, when a s h o r t  p u l s e  g e n e r a t i n g  
To v e r i f y  t h e  MOPA 
XeCl EXCIMER LASER 
A XeCl exci iner a s e r  was developed i n  t h i s  research p e r i o d  t o  p r o v i d e  a 
h i g h  r e p e t i t i o n  r a t e  pumping of t h e  i o d i n e  l a s e r  o s c i l l a t o r .  Genera l l y ,  an 
exc imer  l a s e r  can p r  v i d e  a h i g h e r  pumping r a t e  than a f lash lamp.  
shown i n  f i g u r e  1. The h i g h  v o l t a g e  power supply  (Candela Model HVD-1000A) 
can charge t h e  energy s t o r a g e  c a p a c i t o r  (0.03 P F )  up t o  40 kV. 
gap s w i t c h  i s  c losed,  t h e  s t o r e d  e l e c t r i c a l  energy i n  t h e  c a p a c i t o r  i s  dumped 
i n t o  t h e  l a s e r  head. J u s t  p r i o r  t o  t h e  main d ischarge between t h e  l a s e r  
e l e c t r o d e s  (about 50 nsec p r i o r  t o  t h e  main d ischarge) ,  t h e  spark a r r a y s  
l o c a t e d  a l o n g  t h e  cathode spark th rough t h e  smal l  c a p a c i t o r s  (500 pF/each, 
34 c a p a c i t o r s )  [SI. 
gas between t h e  main e lec t rodes .  The p r e i o n i z a t i o n  i s  i n d i s p e n s a b l e  f o r  t h e  
un-iforrn glow d ischarge  o f  t h e  l a s e r  gas. It i s  now g e n e r a l l y  accepted t h a t  
t h e  p r e i o n i z e d  e l e c t r o n  d e n s i t y  i n  t h e  l a s e r  volume must be over  about 107/cm3 
t o  ach ieve  t h e  u n i f o r m  glow d ischarge i n  t h e  excimer l a s e r  gas [7]. 
The l a s e r  d ischarge e l e c t r o d e s  and spark a r r a y s  a r e  housed i n  a l a s e r  
c h m b e r  made o f  Pyrex g l a s s  tube. The i n n e r  d iameter  of t h e  Pyrex tube i s  
10 cm and t h e  l e n g t h  i s  66 cm. 
d ischarge l e n g t h  i s  about 44 cm. 
l a s e r  i s  approx imate ly  r e c t a n g u l a r  w i t h  s i d e s  1 cm and 2 cm. 
p ressure  i n s i d e  t h e  l a s e r  chamber was c o n t r o l l e d  by a d j u s t i n g  t h e  t h r e e  
d i f f e r e n t  gas r a t i o s .  Hel ium was used as t h e  b u f f e r  gas i n  t h i s  exper iment.  
The optimum m i x i n g  r a t i o  o f  t h e  gases i s  found t o  be 0.2 p e r c e n t  HC1 ; 
The schematic diagram f o r  t h e  e l e c t r i c a l  system f o r  t h e  excimer l a s e r  i s  
When t h e  spark 
The UV l i g h t  from t h e  spark a r r a y s  p r e i o n i z e s  t h e  l a s e r  
The e l e c t r o d e s  a r e  separated 2 cm away and t h e  
The l a s e r  beam p a t t e r n  f rom t h e  exc imer  
The gas h a n d l i n g  system f o r  t h e  XeCl l a s e r  i s  shown i n  f i g u r e  2. The 
4 
7 p e r c e n t  Xe; 92.8 p e r c e n t  He when t h e  t o t a l  p ressure  i s  1300 t o r r  (25 p s i )  
and t h e  energy s to rage c a p a c i t o r  i s  charged t o  30 kV. 
E l e c t o n i c s ,  Model 110). A t y p i c a l  c u r r e n t  shape and t h e  l a s e r  p u l s e  shape a r e  
shown i n  f i g u r e  3. The peak c u r r e n t  measured was about 2.5 k A  when t h e  energy 
s t o r a g e  c a p a c i t o r  was charged t o  30 kV.  
d ischarge c u r r e n t  and l a s t s  about 10 nsec. The l a s e r  p u l s e  shape was d e t e c t e d  
by a p y r o e l e c t r i c  d e t e c t o r  (Mo lec t ron  P5-01) and t h e  l a s e r  energy was measured 
by an energy meter  (Sc ien tech  36-2002 Power and Energy i n d i c a t o r ,  36-0001 D i s c  
C a l o r i m e t e r ) .  The o u t p u t  energy f rom t h e  XeCl l a s e r  was 60 mJ/pulse when t h e  
energy s t o r a g e  c a p a c i t o r  was charged t o  30 KV and t h e  gas pressure  i n s i d e  t h e  
l a s e r  chamber was 1300 t o r r  w i t h  optimum m i x t u r e  r a t i o .  
The o p t i c a l  r e s o n a t o r  i s  composed o f  a f u l l  r e f l e c t o r  w i t h  r a d i u s  o f  
cu i rvature 5 m and a f l a t  o u t p u t  c o u p l e r  w i t h  a r e f l e c t a n c e  o f  30 percent .  
t h e  m i r r o r s  a r e  coated w i t h  d i e l e c t r i c  o u t s i d e  so t h a t  t h e  o p t i c a l  c o a t i n g  
woluld n o t  be damaged by t h e  d ischarge produc t  d u r i n g  t h e  l a s e r  d ischarge.  
r e f l e c t a n c e  o f  t h e  o u t p u t  c o u p l e r  i s  n o t  opt imized.  
The d i s c h a r g e  c u r r e n t  i s  measured w i t h  a c u r r e n t  t r a n s f o r m e r  (Pearson 
The l a s i n g  s t a r t s  a t  t h e  peak o f  
A l l  
The 
I O D I N E  LASER OSCILLATOR 
A 5 cm l o n g  q u a r t z  tube w i t h  1 cm2 square c ross  s e c t i o n  was used as t h e  
i o d i n e  l a s e r  tube. The schematic diagram o f  t h e  i o d i n e  l a s e r  i s  shown i n  
f i g u r e  4. The pumping o f  t h e  i o d i n e  l a s a n t  i s  accompl ished by i r r a d i a t i n g  t h e  
laser tube  w i t h  t h e  XeCl l a s e r  l i g h t  th rough t h e  f u l l  r e f l e c t o r  o f  t he  i o d i n e  
l a s e r .  T h i s  f u l l  r e f l e c t o r  i s  d i e l e c t r i c  coated t o  have h i g h  r e f l e c t a n c e  f o r  
i o d i n e  l a s e r  l i n e  (1.315 ~ m )  b u t  h i g h l y  t r a n s p a r e n t  f o r  XeCl l a s e r  l i n e  
(308 nm) w i t h  r a d i u s  o f  c u r v a t u r e  5 m. 
i s ,  a 98.5 p e r c e n t  r e f l e c t i v e  f l a t  m i r r o r .  
The vapor p ressure  o f  
t h i s  compound i s  measured about 70 t o r r  a t  room temperature (23°C). 
a b s o r p t i o n  c r o s s  s e c t i o n  o f  t h e  t -C4FgI  i s  4.43 x l d 9 c m 2  a t  t h e  wavelength 
o f  t h e  XeCl l a s e r  (308 nm) [ 8 ] .  This  va lue  i s  n e a r l y  t h r e e  t imes l a r g e r  t h a n  
t h a t  o f  n-C3F71 (1.2 x 10-19cm2) o r  i-C3F71 (1.53 x 10-19cr"2). 
When t h e  l a s e r  tube was f i l l e d  w i t h  t -C4FgI a t  70  t o r r  and pumped by t h e  
XeC1 l a s e r  l i g h t  w i t h  energy 50 mJ, t h e  i o d i n e  l a s e r  o u t p u t  was measured t o  be 
about 100 uJ. The l a s e r  energy o u t p u t  was measured by an energy meter  and t h e  
The o u t p u t  c o u p l e r  o f  t h e  i o d i n e  l a s e r  
The l a s a n t  used i n  t h i s  exper iment i s  t-CqFgI. 
The 
5 
l a s e r  p u l s e  was d e t e c t e d  by a germanium photodiode (Judson J16-LD). 
o f  t h e  l a s e r  p u l s e  was about 500 nsec as shown i n  f i g u r e  5. 
o f  t h e  XeCl l a s e r  d i scha rge  was used as t h e  t r i g g e r  source o f  t h e  
o s c i  11 oscope. 
20 mJ. 
c a l c u l a t e d  as f o l l o w .  
i s  g iven  as 
The FWHM 
The c u r r e n t  p u l s e  
The t h r e s h o l d  pumping energy f o r  t h e  i o d i n e  l a s e r  was found t o  be about 
With t h i s  t h r e s h o l d  energy t h e  e x c i t e d  atomic i o d i n e  d e n s i t y  can be 
The r a t e  equa t ion  f o r  t h e  e x i c t e d  a tomic  i o d i n e  d e n s i t y  
* 
- -  dN - WpN 
d t  
l o i i g  compared w i t h  t h e  pumping 
does n o t  combine f a s t  w i t h  r a d  
The pumping r a t e  i s  g i ven  
where Wp i s  t h e  pumping r a t e ,  N* i s  t h e  d e n s i t y  o f  t h e  e x c i t e d  a tomic  i o d i n e  
and N i s  t h e  d e n s i t y  o f  t-C4FgI. 
i s  very  
c i o d i n e  
I n  t h e  equa t ion  ( l ) ,  o n l y  pumping te rm i s  
coinsidered because t h e  decay t ime  of t h e  e x c i t e d  s t a t e  a tomic  i o d i n e  
p u l s e  t i m e  s c a l e  and t h e  e x c i t e d  atom 
c a l  (t-C4F9) t o  t h e  o r i g i n a l  mo lecu le  
as 
Wp = uaF 
where ua i s  t h e  a b s o r p t i o n  c ross  s e c t i o n  of t h e  t - C 4 F g I  mo lecu le  a t  t h e  
wavelength o f  t h e  XeCl l a s e r  and F i s  t h e  photon f l u x  (# o f  photons/cm* 
sec). I n  equa t ion  (2), t h e  quantum y i e l d  of t h e  t - C 4 F 9 i  i s  assumed t o  be 
u n i t y  a t  t h e  wavelength o f  308 nm. I f  t h e  absorb ing  medium is o p t i c a l l y  t h i n  
such t h a t  t h e  photon f l u x  does n o t  change so much, t hen  t h e  equa t ion  ( 2 )  can 
be used i n  equa t ion  (1) t o  c a l c u l a t e  t h e  e x c i t e d  a tomic  i o d i n e  dens i t y .  
However, i f  t h e  absorb ing  medium i s  o p t i c a l l y  t h i c k ,  t hen  t h e  pumping r a t e  has 
t a l  be changed t o  s p a t i a l  averaged form as 
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<wp> = - u I F ( x )  dx ( 3 )  
whiere R i s  t h e  l e n g t h  o f  absorb ing  medium. 
equa t ion  ( 3 )  i s  adequate f o r  t h e  c a l c u l a t i o n  of t h e  e x c i t e d  atomic i o d i n e  
d e n s i t y  e x p e c i a l l y  when t h e  pumping i s  accomplished l o n g i t u d i n a l l y .  
The t-C4F91 gas i s  an o p t i c a l l y  t h i c k  medium t h u s  t h e  express ion  o f  
6 
The photon f l u x  i s  reduced by t h e  Beer 's  law as t h e  exciri ler l a s e r  beam 
prcipagates th rough t h e  t - C 4 F g I  gas i n  t h e  f o l l o w i n g  manner 
-u Nx a F ( x )  = Foe ( 4 )  
where Fo i s  t h e  i n c i d e n t  photon f l u x  and x i s  t h e  propagated length.  
S u b s t i t u t i n g  equa t ion  ( 4 )  i n t o  equa t ion  ( 3 ) ,  t h e  s p a t i a l  averaged pumping r a t e  
i s  g i ven  as 
<wp> = Fo [ 1 - e <aR, 
( 5 )  
S u b s t i t u t i n g  e q u a t i o n  (5 )  i n t o  equa t ion  (1 )  and if we assume t h a t  t h e  pumping 
p u l s e  i s  square-top p u l s e  w i t h  d u r a t i o n  10 nsec and t h e  t h r e s h o l d  pumping 
energy i s  20 mJ, t h e  e x c i t e d  a tomic  i o d i n e  d e n s i t y  i s  c a l c u a l t e d  t o  be N* = 
6.1.5 x 10 /cm . 
from t h e  l a s e r  t h r e s h o l d  c o n d i t i o n ,  
15 3 
On t h e  o t h e r  hand, t h e  t h r e s h o l d  p o p u l a t i o n  d e n s i t y  can be c a l c u l a t e d  
R1R2eZuA NE = 1  
where R1 and R2 a r e  t h e  r e f l e c t a n c e s  o f  t h e  o p t i c a l  resona to r ,  u i s  t h e  
s t i m u l a t e d  emiss ion  c ross  s e c t i o n  of t h e  e x c i t e d  a tomic  i o d i n e ,  A N  i s  t h e  
p o p u l a t i o n  i n v e r s i o n  d e n s i t y  and 11 i s  t h e  l e n g t h  of t h e  t - C 4 F g I  gas c e l l .  
15 3 
c a l c u l a t e d  t o  be A N  = 2.52 x 10 /cm when t h e  pressure  i n s i d e  t h e  gas c e l l  
i s  70 t o r r .  Those two r e s u l t s  a r e  w e l l  agreed w i t h i n  f a c t o r  o f  3. Comparing 
w i th  t h e  r e s u l t  of t h e  t h r e s h o l d  pump energy p u b l i s h e d  by E. F i l l  e t  a l . ,  a t  
Max Planck I n s t i t u t e  w i t h  i -C3F71 [SI, t h e  t h r e s h o l d  pump energy f o r  t - C 4 F g I  
i s  o n l y  about one t e n t h  o f  t h a t  o f  i-C3F71. 
Assuming u = 1 x 10-18cm2, t h e  t h r e s h o l d  p o p u l a t i o n  i n v e r s i o n  d e n s i t y  i s  
7 
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FIGURE CAPTIONS 
Fig. 1. Electrical circuit for XeCl laser. 
Fig. 2. Gas handling system of XeCl laser. 
Fig. 3. A ,typical current shape o f  XeCl laser discharge and the laser 
pulse shape. 
Fi,g. 4. Schematic diagram o f  iodine laser oscillator. 
Fig. 5. Temporal characteristics of iodine laser output. The iodine 
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Fig. 5. Temporal characteristics o f  iodine laser output. The iodine 
laser output i s  delayed about 1 usec f r o m  the XeCl laser pulse. 
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11. K I N E T I C  MODELING OF A SOLAR-PUMPED IODINE LASER 
by Larry V. Stock 
15 
K i n e t i c  Model ing o f  a Solar-Pumped I o d i n e  Laser  
An a l g o r i t h m  of t h e  k i n e t i c  model i s  developed which p r e d i c t s  t h e  o u t p u t  
power o f  a solar-pumped i o d i n e  1 aser  more p r e c i s e l y .  Prev ious  reports',' 
showed good agreement between t h e  t h e o r e t i c a l  model and exper imenta l  da ta  
g i v e n  as a f u n c t i o n  o f  f i l l  pressure  of a flashlamp-pumped i o d i n e  l a s e r  
o s c : i l l a t o r  system w i t h  an e l l i p t i c a l  pumping c a v i t y  and pumping t imes o f  about 
one m i l l i s e c o n d .  Using t h e  k i n e t i c  r e a c t i o n  r a t e  c o e f f i c i e n t s  found before"'  
f o r  t h e  l a s a n t s  i-C3F71, n-C4F91, and t-C4FgI; t h e  power o u t p u t  o f  t h e  l a s e r  
has, been c a l c u l a t e d  as a f u n c t i o n  o f  t i m e  f o r  d i f f e r e n t  pumping i n t e n s i t i e s  
w i t h  a c o n s t a n t  f i l l  pressure.  Again, t h e r e  i s  good agreement between 
t h e o r e t i c a l  p r e d i c t i o n s  and exper imenta l  data. I n  a d d i t i o n  t o  t h e  new data  
s e t s  b e i n g  examined, a c a l c u l a t i o n  method of t h e  s e t  of d i f f e r e n t i a l  equat ions  
i s  used which i s  an o r d e r  o f  magnitude f a s t e r  t h a t  t h e  p r e v i o u s  c a l c u l a t i o n .  
T h i s  new method w i l l  speed t h e  process o f  a d j u s t i n g  t h e  r e a c t i o n  r a t e  
c o n s t a n t s  such t h a t  t h e  t h e o r e t i c a l  model bes t  represents  t h e  exper imenta l  
data. L a t e r ,  
s o l  ar-pumped 
I n  o r d e r  
c a l c u l a t i o n s ,  
o f  equat ions  
t h i s  model can be e x t r a p o l a t e d  t o  e s t a b l i s h  t h e  s c a l a b i l i t y  o f  a 
od ine  l a s e r  system f o r  space-to-space power t ransmiss ion .  
t o  ensure accuracy and improve t h e  e f f i c i e n c y  o f  t h e  
t h e  i n i t i a l  d e n s i t y  o f  t h e  l a s a n t  i s  s c a l e d  t o  u n i t y  and t h e  s e t  
r e  s o l v e d  by a f o r t h - o r d e r  Runge-Kutta method due t o  Fehlberg3 
w i t h  a v a r i a b l e  s t e p  s i z e .  
t h a t  t h e  three-body r e a c t i o n s  a r e  s c a l e d  q u a d r a t i c a l l y  by t h e  number dens i t y  
o f  t h e  l a s a n t ,  where t h e  two-body r e a c t i o n s  a r e  s c a l e d  l i n e a r l y .  
i n t e r p r e t e d  as, t h e  recombina t ion  o f  a tomic i o d i n e  w i t h  a f r e e  r a d i c a l  i s  
i n c r e a s e d  l i n e a r l y  w i t h  pressure,  t h e  f o r m a t i o n  of I2 increases  q u a d r a d i c a l l y .  
T h i s  i s  demonstrated by t h e  data;  t h e  l a s i n g  t i m e  decreases as t h e  f i l l  
prc!ssure inc reases  ( f i g s .  1, 2, and 3 ) .  
I n  s c a l i n g  t h e  species gas d e n s i t y ,  i t  i s  n o t e d  
T h i s  can be 
The speed o f  t h e  c a l c u l a t i o n  has been increased by u s i n g  a v a r i a b l e  s t e p  
s i z e  Runge-Kutta method. Th is  method i s  bes t  s u i t e d  t o  problems which a r e  n o t  
s t i f f  n u m e r i c a l l y ,  t h e r e f o r e ,  t h e  quasi -s teady s t a t e  s o l u t i o n 4  i s  used f o r  
optimum speed. T h i s  s o l u t i o n  assumes t h a t  as t h e  system i s  i n i t i a l l y  pumped, 
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t h e  o u t p u t  o f  t h e  o s c i l l a t o r  i s  n e g l i g i b l e  b e f o r e  l a s i n g  t h r e s h o l d ;  and t h e n  
a f t e r  t h e  system begins t o  lase,  t h e  r e l a t i o n s h i p  
d[A I] / d t  = 0 
i s  s o l v e d  f o r  t h e  s t i m u l a t e d  emiss ion r a t e ,  where [ A I ]  i s  t h e  i n v e r s i o n  
d e n s i t y .  T h i s  e l i m i n a t e s  t h e  d i f f e r e n t i a l  o f  t h e  photon d e n s i t y  i n  t h e  
o s ~ i l l a t o r . ~  The c a l c u l a t i o n  o f  t h e  s e t  o f  d i f f e r e n t i a l  equat ions  f o r  t h i s  
system i s  f u r t h e r  enhanced by s o l v i n g  f o r  t h e  l a s i n g  t h r e s h o l d  t i m e  u s i n g  t h e  
r e l a t i o n s h i p  t h a t ,  i n t i a l l y ,  t h e  g a i n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square 
o f  t h e  pumping t i m e  t, o r  
2 
[ A I ]  QC t 
where t h e  i n v e r s i o n  d e n s i t y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  gain. 
l a r g e  t i m e  s teps  can be used t o  s t e p  t h e  Runge-Kutta a l g o r i t h m  t o  t h e  
b e g i n n i n g  o f  t h e  l a s e r  pu lse,  r a t h e r  than t e s t i n g  t h e  c a l c u l a t i o n  f o r  
t h r e s h o l d  c o n d i t i o n s  u s i n g  a r e l a t i v e l y  smal l  s t e p  s i z e .  
Therefore,  
I n  e s t a b l i s h i n g  a s c a l i n g  law f o r  t h e  l a s e r  system, i t  i s  necessary t o  
c o n s t r u c t  a mathemat ica l  a l g o r i t h m  which can be a p p l i e d  t o  d i f f e r e n t  i o d i n e  
l a s e r  c o n f i g u r a t i o n s .  
o u t p u t  parameters a r e  g i v e n  as a f u n c t i o n  o f  f lash lamp i n t e n s i t i e s  i n d i c a t e d  
by d i f f e r e n t  c a p a c i t o r  bank vo l tages  and found by using t h e  r e a c t i o n  r a t e  
I n  f i g u r e s  4, 5 ,  and 6, t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  
c o e f f i c i e n t s  r e p o r t e d  p r e v i o u s l y  2 (Tables I ,  11, and 111). The r e a c t i o n  r a t e  
c o e f f i c i e n t s  were found by f i t t i n g  t h e  exper imenta l  da ta  g i v e n  as a f u n c t i o n  
o f  f i l l  pressure  f o r  a cons tan t  f lash lamp i n t e n s i t y  ( 5  kV c a p a c i t o r  bank). 
Thr! f l a s h l a m p  i n t e n s i t y  can be approximated by a l i n e a r  f u n c t i o n  o f  t h e  
c a p a c i t o r  v o l t a g e  which i s  used t o  e n e r g i z e  t h e  f lash lamp.  Th is  r e l a t i o n s h i p  
i s  r e f l e c t e d  i n  t h e  o u t p u t  energy of t h e  l a s e r  as a f u n c t i o n  o f  c a p a c i t o r  
v o l t a g e  ( f i g s .  4, 5 ,  and 6). It shou ld  be no ted  t h a t  t h e r e  i s  good agreement 
between t h e  exper imenta l  da ta  and t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  t i rne- to-  
l a s e r  t h r e s h o l d  and l a s i n g  t i m e  f o r  t h e  l a s a n t  n-C4F91. L a t e r ,  r e a c t i o n  r a t e  
c o e f f i c i e n t s  w i l l  be found which i n c o r p o r a t e  bo th  s e t s  o f  data,  and then these 
wi l l1 be a p p l i e d  t o  another  l a s e r  system [i.e., t h e  long-ga in  l e n g t h  (one 
m e t e r )  i o d i n e  l a s e r  o s c i l l a t o r ] .  
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I n  f i g u r e s  7, 8, and 9, t h e  exper imenta l  da ta  and t h e  cor respond ing  
t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t h e  o u t p u t  power i s  g i v e n  f o r  a fill pressure  o f  
20 t o r r  and a 5 kV c a p a c i t o r  bank. F i g u r e s  10, 11, and 12 show a q u a n t i t a t i v e  
va'lue f o r  t h e  r e l a t i v e  m e r i t  of t h e  l a s a n t  f o r  t h e  same fill pressure  and 
f l i i sh lamp i n t e n s i t y .  The r e l a t i v e  m e r i t  i s  d e f i n e d  as t w i c e  t h e  m o l e c u l a r  
i o d i n e  d e n s i t y  g i v e n  as a f u n c t i o n  of f lash lamp p u l s e  t i m e  d i v i d e d  by t h e  
t o t a l  number o f  photod i  s s o c i  a t i  ons o f  t h e  p a r e n t  mol e c u l  e. T h i s  Val ue re1  a t e s  
t h e  l o s s  o f  l a s a n t  m a t e r i a l  t o  t h e  energy a v a i l a b l e  i n  t h e  o s c i l l a t o r .  The 
l a s a n t  t-C4F91 ( f i g .  12) would be expected t o  have t h e  s m a l l e s t  va lue  o f  t h e  
t h r e e  l a s a n t s  considered, s i n c e  i t  has t h e  l a r g e s t  o u t p u t  energy; i t  does have 
t h e  smal l  e r  Val ue. 
I n  a d d i t i o n ,  i n  f i g u r e s  10, 11, and 12, a r e p r e s e n t a t i o n  o f  t h e  i n v e r s i o n  
I n  t h e  key t h e  number d e n s i t y  (molec./cm3) i s  g i v e n  a t  one d e n s i t y  i s  shown.4 
m i  I 1 i second [I2If and as t i m e  approaches i n f i n i t y  [I2] Q). 
t h e  g a i n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square of t h e  pumping t i m e  b e f o r e  
t h r e s h o l d .  
i n v e r s i o n  d e n s i t y  i s  a cons tan t  value; u n t i l ,  b a s i c a l l y ,  [I2] becomes 
s u f f i c i e n t  t o  quench t h e  laser .  
I n  t h e s e  f i g u r e s ,  
Then a f t e r  t h r e s h o l d ,  f o r  t h e  quasi  - s t e a d y - s t a t e  s ~ l u t i o n , ~  t h e  
To improve a k i n e t i c  model f o r  a solar-pumped i o d i n e  l a s e r ,  t h e  f o l l o w i n g  
s teps summarize t h e  accomplishments d u r i n g  t h i s  r e p o r t i n g  p e r i o d :  
1. A new data  s e t  has been analyzed which i s  a f u n c t i o n  o f  pumping i n t e n s i t y  
f o r  a s p e c i f i c  f i l l  pressure.  
2. 
been improved. 
The computer a l g o r i t h m  used t o  s o l v e  t h e  s e t  o f  d i f f e r e n t i a l  equat ions  has 
3. 
r e l a t i v e  m e r i t  o f  t h e  l a s a n t s  as power sources. 
A new parameter has been d e f i n e d  which g i v e s  a q u a n t i t a t i v e  va lue  f o r  t h e  
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TABLE L - Reaction rate coefficients and their associated reactions for 
the lasant i-C$,l dong with  the parameters used to modify the optical 
time constant (ref. 2). 
Lasant 
Reaction8 
R + I' - RI 
R + I - R I  
R + R - R ,  
R + R I - R , + I  
R + I, - RI + I 
I' + I + RI - I, + RI' 
I + I + RI - I, + RI 
I' + I + I, - I, + I, 
I + I + I, - I,+ I, 
I' + RI - I + RI 
I' + I, - I + I, 
I-CJS 
Symbol 
Reaction Rate Coefflclent 
(cm')"/sec 
'1633 X lo-" 
.1336 X'  1 O-" 
.4385 X lo-" 
.7663 X lo-'' 
.1783 X 1 6 "  
.lo95 X 
S970 X 10'" 
.a000 X lo-'' 
.3933 x lo-m 
.1122 x io-'' 




TABLE It - Reaction rate coefficients nnd their associated reactions for 
the lasant n-C FJ along with the parameters used to modify the optical 
t ime constant trei. 2). 
Lauant n - W J  
Reactions Symbol 
R + I' - RI 
R + I - R I  
R + R - R ,  
R + R I - R , + I  
R + I, - RI + I 
I' + I + RI - I, + RI 
I + I + RI - I , +  RI 
I' + I + I, - I, + I, 
I + I + I, - I , +  I, 
I' + RI - I + RI 
I' + I, - I + I, 
Roaction Ra to Coef f Men t 
(cm')"/uoc 
.7499 x lo-', 
.9884 X lo-'' 
.6065 X lo-" 
.7762 X lo-'' 
.2240 X lo-'' 
A688 X 
.2182 x 10- 
.a000 X loJ' 
.3933 x 10- 
.6412 X lo-" 






R + I' - RI 
R + I - . R I  
R + R - R ,  
R + RI - R, + I 
R + I, - RI + I 
I' + I + RI - I ,+  RI 
I + I + R I * I , + R I  
I' + I + I, - I, + I, 
I + 1 + I, - I , +  I, 
I' + I, - I + I, I' + RI - I + RI 
Reaction Rate Coefficient 
(cmy/sec 
.9328 X 10'" 
.7051 X lo-" 
,2229 X 10"' 
. .  
.4755 x lo-'' 
.1117 X 10'" 
3638 X loJz 
.4206 X lo-' 
A000 X lo-" 
.3933 X lQ-m 
.9236 X 10'" 
.3400 X lo-'' 
.9300 
.0038 
TABLE IlL - Reaction rate coefficients and their associated reactions for 
the lasant t-C,FJ dong with the parameters used to modify the optical 
time constant (ref. 2). 
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F i g u r e s  
F i g u r e s  1 ,  2 ,  a n d  3 .  - Theore t i ca l  p r e d i c t i o n s  compared t o  
e x p e r i m e n t a l  r e s u l t s  f o r  t h e  o u t p u t  p a r a m e t e r s  o f  a f l a s h l a m p  
pumped l a se r  o s c i l l a t o r  f o r  d i f f e r e n t  f i l l  p r e s s u r e s  and a 
c o n s t . a n t  f l a s h l a m p  f l u e n c e  ( 5  kV) . 
F i g u r e s  4 ,  5 ,  a n d  6 .  - Theore t ica l  p r e d i c t i o n s  compared t o  
e x p e r i m e n t a l  r e s u l t s  for  t h e  o u t p u t  p a r a m e t e r s  of a f l a s h l a m p  
pumped l a s e r  o s c i l l a t o r  for  d i f f e r e n t  f l a s h l a m p  f l u e n c e s  shown as  
c a p a c i t o r  e n e r g y  and  a c o n s t a n t  f i l l  p r e s s u r e  ( 2 0  to r r ) .  
F i g u r e s  7 ,  8 ,  a n d  9. - T h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  o u t p u t  
power o f  t h e  l aser  u s i n g  t h e  q u a s i - s t e a d y  s t a t e  model  compared t o  
t h e  e x p e r i m e n t a l  d a t a  f o r  d i f f e r e n t  f i l l  p r e s s u r e s  and  f l a s h l a m p  
i n t e n s i t i e s .  The f l a s h l a m p  p u l s e  s h a p e  is g i v e n  a s  a r e f e r e n c e .  
F i g u r e s  1 0 ,  11, and  1 2 .  - T h e o r e t i c a l  p r e d i c t i o n s  of t h e  
i n v e r s i o n  d e n s i t y  [AI] and  s u b s e q u e n t  g a i n  n o r m a l i z e d  t o  one  a t  
t h r e s h o l d ,  and t h e  r e p r e s e n t a t i o n  o f  t h e  r e l a t i v e  m e r i t  o f  t h e  
l a s a n t  is shown, as  d i s c u s s e d  i n  t h e  t e x t .  The f l a s h l a m p  p u l s e  
s h a p e  is g i v e n  as a r e f e r e n c e .  
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111. EVALUATION OF SOLID STATE LASER MATERIALS FOR SOLAR-PUMPING 
by K y o n g  H. K i m  
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A. I n t r o d u c t i o n :  
A s tudy  on t h e  e v a l u a t i o n  o f  v a r i o u s  s o l i d  s t a t e  l a s e r  m a t e r i a l s  f o r  
solar-pumping has been performed d u r i n g  t h e  p e r i o d  f rom January 1, 1987 t o  
February 29, 1988 under NASA g r a n t  NAG-1-441 and t h i s  r e p o r t  p r o v i d e s  t h e  
f i n a l  summary. 
l a s i n g  e f f i c i e n c i e s  o f  a number o f  s o l i d  s t a t e  l a s e r  m a t e r i a l s  such as 
Ruby, Nd:YAG, Nd:Glass, Cr:Nd:GSGG, Nd:YLF, A l e x a n d r i t e  and Emerald, has 
been r e p o r t e d  i n  t h e  p r e v i o u s  semiannual p rogress  r e p o r t  [Ref. 11. I n  
a d d i t i o n ,  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  solar-beam a b s o r p t i o n  by each 
c r y s t a l  a t  v a r i o u s  dopant c o n c e n t r a t i o n s  and r o d  d iameters,  and f o r  
tempera ture  d i s t r i b u t i o n  w i t h i n  l a s e r  c r y s t a l  rods w i t h  v a r i o u s  c o o l i n g  
w a t e r  f l o w  r a t e s ,  have been a l s o  p r o v i d e d  i n  t h e  r e p o r t .  
t h e r e  a r e  many k i n d s  o f  s o l i d  s t a t e  l a s e r  m a t e r i a l s  a v a i l a b l e  a t  t h e  
p r e s e n t  t ime,  o n l y  a few o f  them a r e  a p p r o p r i a t e  f o r  t h e  c a n d i d a t e  
m a t e r i a l  f o r  t h e  solar-pumped h i g h  power l a s e r  a p p l i c a t i o n  which r e q u i r e s  
t h e  f o l l o w i n g  m a t e r i a l  c h a r a c t e r i s t i c s :  (1) e f f i c i e n t  pumping ( i  .e. , 
a b s o r p t i o n )  bands near  t h e  peak o f  t h e  s o l a r  spectrum, ( 2 )  l o n g  
f luo l rescence l i f e t i m e ,  ( 3 )  good quantum e f f i c i e n c y ,  (4 )  good thermal 
c o n d i u c t i v i t y ,  (5 )  h i g h  thermal  r e s i s t a n c e  and ( 6 )  mechanical s t r e n g t h .  
Three c r y s t a l s  which a r e  Nd:YAG, Cr:Nd:GSGG and Nd:YLF were a p p r o p r i a t e  
f o r  t h o s e  requ i rements  and e x p e r i m e n t a l l y  s t u d i e d  i n  t h i s  research.  
The Nd:YAG c r y s t a l  has been w e l l  developed f o r  many o t h e r  
a p p l i c a t i o n s  i n  commercial markets,  and t h e  achievement o f  a 100 W CW 
l a s e r  power f rom t h e  c r y s t a l  w i t h  t h e  solar-pumping i s  w e l l  known 
[Rei:. 21. However, t h e  Nd:YAG c r y s t a l  i s  very  i n e f f i c i e n t  i n  t h e  
u t i l l i z a t i o n  o f  s o l a r  r a d i a t i o n  as a pump source because o f  i t s  v e r y  narrow 
a b s o r p t i o n  bands. 
new m a t e r i a l ,  Cr:Nd:GSGG, would u t i l i z e  t h e  s o l a r  bean e f f e c t i v e l y  and do 
b e t t e r  l a s e r  performance. U n f o r t u n a t e l y ,  i t  was observed i n  o u r  
exper iment  t h a t  b o t h  t h e  l a r g e  amount o f  s o l a r  beam a b s o r p t i o n  by t h e  
broad a b s o r p t i o n  bands o f  t h e  Cr3+-ions i n  t h e  Cr:Nd:GSGG c r y s t a l  and t h e  
r e l a t i v e l y  poor  thermal  c o n d u c t i v i t y  o f  t h e  hos t  m a t e r i a l  compared t o  t h a t  
of  Nd:YAG caused a l a r g e  r a d i a l  temperature v a r i a t i o n  i n  t h e  Cr :GSGG r o d  
and made t h e  CW l a s e r  o p e r a t i o n  i m p o s s i b l e  a t  t h e  pump power d e n s i t i e s  
above 1,500 s o l a r  c o n s t a n t s  (203 w/cm2). 
The 1 i t e r a t u r e  survey on m a t e r i a l  c h a r a c t e r i s t i c s  and 
Even though 
Recent ly  i t  was expected by us and by o t h e r s  t h a t  t h e  
The d i f f i c u l t y  o f  t h e  Clrl l a s e r  
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o p e r a t i o n  o f  t h e  Cr:Nd:GSG c r y s t a l  was a l s o  d iscussed i n  a r e c e n t  paper by 
N. P,, Barnes, e t  a l . ,  [Ref. 31. On t h e  o t h e r  hand, t h e  Nd:YLF c r y s t a l  has 
been known as a m a t e r i a l  w i t h  a l o n g  upper s t a t e  l i f e t i m e ,  a low t h r e s h o l d  
pump power requi rement ,  s m a l l e r  thermal l e n s i n g  e f f e c t  and h i g h e r  
e f f i c i e n c y  on TEMoo s i n g l e  mode l a s e r  o p e r a t i o n  compared t o  o t h e r  
m a t e r i a l s  [Refs. 4-11]. This  Nd:YLF c r y s t a l  has been recogn ized t o  be a 
good CW l a s e r  m a t e r i a l  w i t h  a s o l a r - s i m u l a t o r  pumping i n  our  exper iment.  
It was a l s o  observed t h a t  t h e  Nd:YLF c r y s t a l  has g r e a t e r  thermal  l e n s i n g  
e f f e c t  t h a n  Nd:YAG i n  CW l a s e r  opera t ion .  Th is  i s  opposed t o  t h e  r e s u l t s  
observed by J. E. Murray [Ref. lo] i n  t h e i r  pu lsed o p e r a t i o n  i n  which t h e  
Nd:YLF showed lower  thermal  l e n s i n g  than Nd:YAG. The exper imenta l  
methods, r e s u l t s ,  t h e o r e t i c a l  a n a l y s i s  and c o n c l u s i o n  w i l l  be p resented  i n  
t h e  f o l l o w i n g  sec t ions .  
B. Exper imenta l  Methods and R e s u l t s  
The exper iment  performed i n  t h i s  research  c o n s i s t s  o f  (1) spectrum and 
power measurement o f  t h e  pump beam and (2 )  l a s e r  performance measurement 
o f  t h e  t h r e e  c r y s t a l s ,  Nd:YAG, Cr:Nd:GSGG and Nd:YLF. I n  o r d e r  t o  
determine t h e  t h r e s h o l d  pump power and s lope e f f i c i e n c y  o f  t h e  c r y s t a l s  
a c c u r a t e l y ,  t h e  s p e c t r a l  and s p a t i a l  d i s t r i b u t i o n s  o f  t h e  Tarmarack s o l a r -  
s i rnu l la tor  beam i n t e n s i t y  a t  t h e  p o s i t i o n  o f  t h e  c r y s t a l  were c a r e f u l l y  
measured, and t h e i r  a b s o l u t e  s p e c t r a l  i n t e n s i t i e s  were o b t a i n e d  by 
c a l  i b r a t i  on w i t h  a s tandard  Tungsten 1 amp. 
(1) Tarmarack Sol ar-Simul a t o r  Beam Measurement: A Tarmarack so l  a r -  
s i m u l a t o r  which c o n s i s t s  o f  a Xe-arc lamp and an e l l i p t i c a l  r e f l e c t o r  was 
used as a pumping source and i t s  beam was focused by a c o n i c a l  aluminum 
c o l l e c t o r  a long t h e  cone a x i s  as shown i n  Fig.  1. The s o l a r - s i m u l a t o r ' s  
beam i n t e n s i t y  a t  t h e  cone a x i s  and i t s  s p e c t r a l  shape were measured and 
r e p o r t e d  i n  t h e  p r e v i o u s  semiannual p rogress  r e p o r t  [Ref. 11. The 
measured maximum s o l  a r -s imu l  a t o r ' s  beam i n t e n s i t y  a t  t h e  peak p o i n t  on t h e  
cone a x i s  was 1,000 s o l a r  c o n s t a n t s  (135 w/cm2) a t  t h e  s o l a r - s i m u l a t o r ' s  
i n p u t  c u r r e n t  o f  200 A which was t h e  lowest  o p e r a t i n g  c u r r e n t .  
t h r e s h o l d  pump power d e n s i t i e s  o f  t h e  t h r e e  c r y s t a l s  were expected t o  be 
l o w e r  than 1,000 s o l a r  cons tan ts ,  a few numbers o f  d i f f u s e d  g l a s s  tubes 
Since t h e  
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were p laced a t  t h e  cone a x i s  as i n d i c a t e d  by t h e  d o t t e d  l i n e s  i n  F ig .  1 t o  
l o w e r  t h e  t h r e s h o l d  pump power d e n s i t y .  
smal l  h o l e  on i t s  s u r f a c e  was p laced a t  t h e  cone ax is .  The h o l e  a l lowed 
t h e  s o l a r - s i m u l a t o r  beam t o  e n t e r  i n t o  t h e  t u b i n g  and t o  be r e f l e c t e d  a t  a 
45" d i f f u s e d  s u r f a c e  which was made of a t e f l o n  b a r  and l o c a t e d  i n s i d e  t h e  
tub ing .  Then, t h e  r e f l e c t e d  beam was s e n t  t o  t h e  OMA d e t e c t o r  t h r o u g h  t h e  
f i b e r  o p t i c s  and spectrograph. The o p t i c a l  mu1 t i c h a n n e l  a n a l y z e r  (OMA) 
and . i t s  d e t e c t o r  used were Tracor  Nor thern  Model TN-6500 and TN-6132, 
r e s p e c t i v e l y .  The spec t rograph used i n  t h i s  measurement was J a r r e l l  -Ash 
Model 82-498 (Monospec 27) and one o f  i t s  t h r e e  g r a t i n g s  which has 
150 grooves/mm w i t h  b l a z e  angle a t  0.4 vm was used. The a b s o l u t e  i n t e n -  
s i  ty  o f  t h e  s o l a r - s i m u l a t o r ' s  beam was c a l i b r a t e d  w i t h  a 45-W s t a n d a r d  
tung'sten lamp ( O p t r o n i c s  lab.  Model 345 RP) by p l a c i n g  t h e  aluminum t u b i n g  
connected t o  f i b e r  o p t i c s  and d i f f u s e r  i n  f r o n t  o f  it. F i g u r e  2 shows t h e  
d i s t r i b u t i o n  o f  t h e  s o l a r  s i m u l a t o r ' s  beam i n t e n s i t i e s  a t  a 1/8" r o d  
s u r f a c e  a l o n g  t h e  cone a x i s  i n s i d e  v a r i o u s  g l a s s  tubes  f o r  t h e  s o l a r -  
s i m u l a t o r ' s  i n p u t  c u r r e n t  o f  200 A. The peak i n t e n s i t y  w i t h  a t r a n s p a r e n t  
g l a s s  t u b e  was about  930 s o l a r  cons tan ts  (126 w/cm2) and t h a t  w i t h  t h r e e  
d i f f u s e d  g l a s s  tubes  was about 200 s o l a r  cons tan ts  (27 w/cm2). Wi th  t h e  
t h r e e  d i f f u s e d  g l a s s  tubes,  t h e  pump beam was more u n i f o r m l y  d i s t r i b u t e d  
a l o n g  t h e  cone ax is .  F i g u r e  3 shows t h e  peak i n t e n s i t y  v a r i a t i o n  a t  
v a r i o u s  s o l a r - s i m u l a t o r  i n p u t  c u r r e n t s .  The maxinum pump beam i n t e n s i t y  
achieved w i t h  our  system was about 3,100 s o l a r  c o n s t a n t s  (419 W/cm2). 
A 1/4" aluminum t u b i n g  w i t h  a 
( 2 )  
exper imenta l  setup used f o r  CW and quasi-CW l a s e r  o p e r a t i o n  of t h e  t h r e e  
c r y s t a l s  w i t h  t h e  Tamarack s o l a r - s i m u l a t o r  as a pumping source. Each 
c r y s t a l  had a s i z e  o f  l/S" d iameter  and 3" l e n g t h ,  and had h i g h l y -  
r e f l e c t i v e  (HR) m i r r o r s  w i t h  a c u r v a t u r e  o f  5 m r a d i u s  coated d i r e c t l y  a t  
one end and a n t i - r e f l e c t i o n  c o a t i n g s  a t  t h e  o t h e r  end. The p r e v i o u s  
exper imenta l  setup which was d iscussed i n  Ref. 1 had a separate HR m i r r o r  
which was l o c a t e d  near  t h e  c e n t e r  c o l l e c t o r  cone. Wi th t h a t  geometry i t  
was v e r y  d i f f i c u l t  t o  have a CW l a s e r  o p e r a t i o n  because t h e  HR m i r r o r  was 
moved o u t  of a l ignment  by t h e  thermal e f f e c t  caused by t h e  pump l i g h t .  
Wi th  t h e  h i g h l y  r e f l e c t i v e  m i r r o r  d i r e c t l y  coated on one end o f  t h e  
Sol ar -Simul  a t o r  Pumped Laser Exper iment:  F i  gure 4 shows t h e  
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c r y s t a l s ,  CW l a s e r  o p e r a t i o n  was s u c c e s s f u l y  achieved f o r  t h e  Nd:YAG and 
Nd:YLF c r y s t a l s  up t o  t h e  pump power d e n s i t y  o f  2,000 s o l a r  cons tan ts .  
On t h e  o t h e r  hand, t h e  CW l a s e r  o p e r a t i o n  was p o s s i b l e  o n l y  up t o  
1,500 s o l a r  c o n s t a n t s  f o r  t h e  Cr:Nd:GSGG c r y s t a l .  For t h e  pump beam 
i n t e n s i t i e s  above 1,500 s o l a r  c o n s t a n t s  t h e  l a s i n g  appeared i n s t a n t l y  
a f t e r  t h e  pump beam i l l u m i n a t i o n ,  and d isappeared immediate ly .  The l a s i n g  
l a s t e d  f o r  l e s s  than one second. However, when a chopper was used t o  
pulsle t h e  pump beam, c o n t i n u o u s l y  pu lsed l a s i n g  was achieved a t  v a r i o u s  
chopper speeds f rom 0.6 Hz t o  13 Hz. The r a t i o  o f  chopper 's  open-to c l o s e  
s e c t i o n  was one, and t h e  opening was 0.35 s d u r a t i o n  a t  0.7 Hz. 
l a s i n g  l a s t e d  as l o n g  as t h e  chopped pump per iod .  
l a s e r  o p e r a t i o n  was p o s s i b l e  a t  pump power d e n s i t i e s  below 2,500 s o l a r  
c o n s t a n t s  (=338 W/cm2) a t  which t h e  peak l a s e r  o u t p u t  power was about 
340 mW and t h e  cor respond ing  average power was 170 mW. However, f o r  t h e  
pump power d e n s i t y  o f  3,000 s o l a r  c o n s t a n t s  (=405 W/cm2) even t h e  quasi-CW 
l a s i n g  s t a r t e d  t o  be u n s t a b l e  and d isappeared 1.5 seconds a f t e r  i n i t i a l  
l a s i n g .  T h i s  GSGG c r y s t a l  s t a r t e d  c r a c k i n g  w i t h i n  t h e  r o d  by thermal  
l o a d i n g  when t h e  quasi-CW l a s e r  o p e r a t i o n  was per formed a t  a h i g h  pump 
power d e n s i t y  o f  about  3,000 s o l a r  c o n s t a n t s  (=405 w/cm2) f o r  severa l  
minutes.  The l a s e r  c a v i t y  s t a b i l i t y  c o n d i t i o n  a f f e c t e d  by t h e  thermal  
l e n s i n g  e f f e c t  on t h e  c r y s t a l  w i l l  be c a l c u l a t e d  and compared w i t h  t h e  
exper imenta l  r e s u l t  i n  t h e  f o l l  owing chapter .  
F i g u r e s  5 t h r o u g h  8 show t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  t h r e e  
d i f f e r e n t  c r y s t a l s  w i t h  t h e  p a r t i c u l a r  doping c o n c e n t r a t i o n s  used i n  o u r  
exper iment.  The Nd:YAG c r y s t a l  used h e r e  had 1.1 atomic  percent  doping 
c o n c e n t r a t i o n  and i t s  a b s o r p t i o n  c o e f f i c i e n t  was c a l c u l a t e d  f rom t h e  d a t a  
g i v m  i n  Refs. 12 and 13. The Cr:Nd:GSGG c r y s t a l  used had doping 
d e n s i t i e s  o f  2 x 10'' ions/cm3 f o r  each o f  C r 3 + -  and Nd3+- i o n s ,  and i t s  
a b s o r p t i o n  c o e f f i c i e n t  was o b t a i n e d  f rom t h e  a b s o r p t i o n  spectrum o f  t h e  
same k i n d  o f  m a t e r i a l  measured by J. A. W i l l i a m s  [Ref. 141. The Nd:YLF 
c r y s t a l  used h e r e  had about 1.5 a tomic  p e r c e n t  doping d e n s i t y  f o r  t h e  
Nd3+- i o n  and i t s  a b s o r p t i o n  c o e f f i c i e n t  was c a l c u l a t e d  f rom t h e  d a t a  
g i v e n  i n  Ref. 4. 
p a r t i c u l a r  doping d e n s i t i e s  and 3.2 mm t h i c k n e s s  a r e  5.7 p e r c e n t  f o r  t h e  
The 
T h i s  s t a b l e  quasi-CW 
The s o l a r  beam a b s o r p t i o n  e f f i c i e n c i e s  o f  t h e  c r y s t a l s  o f  t h e  
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Nd:YAG, 32.1 p e r c e n t  f o r  Cr:Nd:GSGG, 3.8 p e r c e n t  f o r  T - p o l a r i z a t i o n  o f  
Nd:YL.F and 2.8 p e r c e n t  f o r  u - p o l a r i z a t i o n  o f  Nd:YLF. 
F i g u r e  9 shows t h e  r e s u l t s  o f  t h e  Nd:YAG and Nd:YLF c r y s t a l s  under 
t h e  s o l a r - s i m u l a t o r  pumping. The s i z e  o f  each c r y s t a l  was 3.2 mm d iameter  
by 3" l eng th .  The s l o p e  e f f i c i e n c i e s ,  t h r e s h o l d  pump powers and t h r e s h o l d  
absorbed pump power d e n s i t i e s  a r e  l i s t e d  i n  Table 1. 
absorbed pump power d e n s i t i e s  were c a l  c u l  a t e d  by 
The t h r e s h o l d  
Threshold absorbed - (Thresho ld  pump power) x ( A b s o r p t i o n  e f f i c i e n c y )  
puml) power d e n s i t y  ( C r y s t a l  volume) 
It i!; seen f rom t h e  Table t h a t  t h e  t h r e s h o l d  o f  Nd:YLF i s  l o w e r  than t h a t  
o f  Nd:YAG and t h e  s l o p e  e f f i c i e n c y  o f  Nd:YLF i s  a l s o  s l i g h t l y  h i g h e r  than 
t h a t  o f  Nd:YAG. 
c r y s t a l  can be a t t r i b u t e d  t o  i t s  l o n g e r  upper s t a t e  l i f e t i m e  and s m a l l e r  
r e f r a c t i v e  i n d e x  values. The h i g h e r  s l o p e  e f f i c i e n c y  o f  t h e  Nd:YLF t h a n  
t h a t  of Nd:YAG a t  t h e  low pump power d e n s i t i e s  may be e x p l a i n e d  by i t s  
s m a l l e r  a b s o r p t i o n  c o e f f i c i e n t  compared t o  t h e  YAG's which enables t h e  
pump power d e n s i t y  o v e r  t h e  e n t i r e  c r y s t a l  volume t o  be above t h e  
t h r e s h o l d .  
t h a n  two t i m e s  g r e a t e r  than t h a t  o f  Nd:YLF, most pump beam i s  absorbed a t  
t h e  s u r f a c e  o f  t h e  Nd:YAG r o d  f o r  low pump power d e n s i t i e s ,  and e v e n t u a l l y  
i t  leaves  t h e  i n n e r  p o r t i o n  o f  t h e  c r y s t a l  a t  below t h e  t h r e s h o l d .  Thus, 
more i o n s  i n  t h e  Nd:YLF c r y s t a l  i n v o l v e  i n  t h e  l a s i n g  a c t i o n  than i n  
Nd:YAG, and p r o v i d e  b e t t e r  s l o p e  e f f i c i e n c y .  The r e f l e c t a n c e  o f  t h e  
optimum o t u p u t  c o u p l i n g  m i r r o r  was about 95 p e r c e n t  f o r  b o t h  Nd:YAG and 
Nd:YLF c r y s t a l s ,  which a r e  shown i n  F igs.  9, 10, 11 and 17. F i g u r e s  10 
and 11 were taken a t  pump power d e n s i t i e s  h i g h e r  than t h o s e  used i n  F ig .  9 
f o r  t h e  Nd:YAG and Nd:YLF c r y s t a l s ,  r e s p e c t i v e l y .  
u s i n g  a f lash lamp as a pumping source and w i l l  be d iscussed i n  t h e  n e x t  
s e c t i o n .  When f l a t  o u t p u t  m i r r o r s  were used f o r  t h e  Nd:YLF c r y s t a l  under 
t h e  s o l a r - s i m u l a t o r  pumping, t h e  l a s i n g  appeared i n s t a n t l y  as soon as t h e  
s o l a r - s i m u l a t o r ' s  bean was i l l u m i n a t e d ,  and l a s t e d  f o r  l e s s  than one 
second.. No cont inuous  l a s i n g  was achieved w i t h  f l a t  m i r r o r s  f o r  t h e  
Nd:I'LF c r y s t a l  a t  b o t h  low and h i g h  pump power d e n s i t i e s  w h i l e  i t  was 
s u c c e s s f u l l y  achieved f o r  t h e  Nd:YAG. 
The low t h r e s h o l d  pump power requi rement  o f  t h e  Md:YLF 
Since t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  Nd:YAG i s  g e n e r a l l y  more 
F i g u r e  1 7  was taken by 
Th is  means t h a t  t h e  thermal  l e n s i n g  
e f f e c t  o f  t h e  Nd:YLF c r y s t a l  i s  g r e a t e r  than t h a t  o f  t h e  Nd:YAG undr  a CW 
pumpi ng. 
d iameters  o f  Nd:YLF rods, one w i t h  1/8" d iameter  and t h e  o t h e r  w i t h  
1/4" d iameter  as a f u n c t i o n  o f  pump power. F i g u r e  12 was t a k e n  a t  low 
pump powers which was o b t a i n e d  by r e p l a c i n g  t h e  water  j a c k e t  g l a s s  t u b e  i n  
F ig .  4 w i t h  a g l a s s  t u b e  shown w i t h  a d i f f u s e d  o u t e r  s u r f a c e  and w i t h  
16 mni OD and 14m I D ,  and by adding two more d i f f u s e d  g l a s s  tubes  o f  l a r g e  
d iameters  around it. Meanwhile, F ig .  13 was taken w i t h  a t r a n s p a r e n t  
g l a s s  t u b e  f o r  t h e  water  j a c k e t .  
t h e  :1/8" r o d  was about 0.13 percent .  The s l o p e  e f f i c i e n c y  o f  t h e  1/4" r o d  
was - increased f rom 0.16 p e r c e n t  a t  low pump powers t o  0.26 p e r c e n t  a t  h i g h  
F i g u r e s  12 and 13 show t h e  CW l a s e r  o u t p u t s  o f  two d i f f e r e n t  
I n  b o t h  cases, t h e  s l o p e  e f f i c i e n c y  o f  
pump powers. 
167 14 which corresponds t o  t h e  pump power d e n s i t y  o f  275 s o l a r  c o n s t a n t s  
and t h a t  o f  t h e  1/4" r o d  was about 195 W which corresponds t o  pump power 
d e n s i t y  o f  320 s o l a r  cons tan ts .  
i s  t h a t  t h e  l a r g e  d iameter  o f  t h e  c r y s t a l  r e q u i r e s  s t r o n g  pump beam 
i n t e n s i t y  t o  have i t s  e n t i r e  volume p laced above t h e  t h r e s h o l d  c o n d i t i o n  
and p r o v i d e s  a h i g h  s l o p e  e f f i c i e n c y  compared t o  t h e  smal l  d i a n e t e r  o f  t h e  
r o d  f o r  s t r o n g  pump beam i n t e n s i t i e s .  
The measured t h r e s h o l d  o f  t h e  1/8" Nd:YLF r o d  was about 
The p o s s i b l e  e x p l a n a t i o n  o f  these r e s u l t s  
F i g u r e  14 shows t h e  l a s e r  o u t p u t s  o f  1/8" d iameter  Nd:YLF r o d  w i t h  
water  c i r c u l a t i o n  and w i t h  c i r c u l a t i o n  o f  a Coumarine-4 dye s o l u t i o n  
c i r c u l a t i o n  i n  t h e  c o o l i n g  j a c k e t .  
smaller diameter (13 mm OD and 11 mm ID) was used here f o r  the cooling 
j a c k e t .  The 4 M c o n c e n t r a t i o n  o f  E x c i t o n  Courmine-4 (7 hydroxy 4 n e t h y  
coumarine) i n  e thano l  s o l u t i o n  was used. Our d a t a  shows no enhancement 
w i t h  t h e  dye s o l u t i o n  and c o n t r a d i c t s  t h e  r e s u l t  observed by Bhawakan and 
P a n d i t  (Ref. 15). I n  Ref. 15, t h e y  c la imed t h a t  t h e y  achieved about  
38 p e r c e n t  decrease i n  t h r e s h o l d  and n e a r l y  50 p e r c e n t  i n c r e a s e  i n  s lope 
e f f i c i e n c y  w i t h  a xenon flashlamp-pumped Nd:Glass l a s e r .  Because o f  o u r  
l i m i t e d  t ime,  no f u r t h e r  c a r e f u l  measurement has been made i n  t h i s  energy 
convers ion  exper iment.  The f u r t h e r  exper iment  on t h i s  s u b j e c t  has t o  be 
per formed t o  make a reasonable conc lus ion .  
CW C:r:Nd:GSGG l a s e r  a long w i t h  t h e  CW l a s e r  o u t p u t s  from Nd:YAG and 
Nd:Y'LF. 
A t r a n s p a r e n t  g l a s s  t u b e  w i t h  a 
F i g u r e  15 shows t h e  measured average l a s e r  o u t p u t  power o f  t h e  q u a s i -  
Any comparison between da ta  o f  t h e  d i f f e r e n t  c r y s t a l s  may n o t  
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have t o  be made i n  t h e  f i g u r e  because t h e r e  e x i s t s  some u n c e r t a i n t y  on t h e  
data.  
t h e  exper iments f o r  each c r y s t a l ,  b u t  i t  was very  l i k e l y  t o  be changed 
because t h e r e  had been some amount o f  t i m e  i n t e r v a l  between them and t h e  
c o n d i t i o n  o f  t h e  xenon a r c  lamp i n  t h e  s o l a r - s i m u l a t o r  had become worse as 
t i m e  went on. I n  a d d i t i o n ,  t h e  GSGG c r y s t a l  was damaged by t h e  thermal  
c r a c k i n g  a f t e r  some measurements, and was n o t  a v a i l a b l e  when we had t h e  
other. c r y s t a l s .  
m i r r o r  c o a t i n g  on t h e  Nd:YAG c r y s t a l  was a l s o  damaged a f t e r  t h e  
measurement o f  one d a t a  s e t  which i s  shown i n  F ig .  15. The HR m i r r o r  
coat ' ing on t h e  Nd:YAG c r y s t a l  was j u s t  peeled o f f  by d i f f e r e n t  thermal  
expansions between YAG m a t e r i a l  and t h e  c o a t i n g  i t s e l f  d u r i n g  t h e  h i g h  
pump power opera t ions .  
was taken a f t e r  r e c o a t i n g  a new HR m i r r o r  on t h e  c r y s t a l .  Cont ra ry  t o  t h e  
d a t a  shown i n  F i g .  15, t h e  l a s e r  performance o f  Nd:YAG was a lmost  t h e  same 
as o r  s l i g h t l y  worse than w i t h  t h a t  o f  Nd:YLF i n  Fig. 5. 
v a l i d i t y  o f  t h e  GSGG d a t a  as w e l l  as t h e  Nd:YAG's d a t a  shown i n  Fig.  15 
was ' l e f t  i n  ques t ion .  
It was i n t e n d e d  t o  keep t h e  system i n  t h e  same c o n d i t i o n  between 
Another problem i n v o l v e d  was t h a t  t h e  h i g h l y - r e f l e c t i v e  
The Nd:YAG's d a t a  shown i n  t h e  p r e v i o u s  f i g u r e s  
Thus, t h e  
( 3 )  
when f l a t  o u t p u t  c o u p l i n g  m i r r o r s  were used and a l s o  w i t h  t h e  Cr:Nd:GSGG 
c r y s t a l  a t  h i g h  pump powers, a f lash lamp lamp exper iment  was per formed t o  
have an i d e a  on t h e  l a s e r  performance o f  t h e  two c r y s t a l s  w i t h  v a r i o u s  
o u t p u t  c o u p l i n g  m i r r o r s  which were a v a i l a b l e  t o  us.  
setup  used i s  shown i n  F ig .  16. The f lash lamp and c r y s t a l  r o d  were p laced 
i n  an aluminum f o i l  r e f l e c t i v e  c a v i t y  which was suppor ted w i t h  a p l e x i -  
g l a s s  tube. The c a v i t y  l e n g t h  was about 16 cm l o n g  and t h e  l a s e r  o u t p u t  
was d e t e c t e d  by a Melec t ron  33-05 energy meter and a N i c o l e t  Model 204-A 
o s c i l l o s c o p e .  
pumped exper iment  was used i n  t h e  measurement o f  t h e  da ta  shown i n  
F ig .  16. On t h e  o t h e r  hand, a broken p i e c e  o f  t h e  Cr:Nd:GSGG r o d  f rom t h e  
p r e v i o u s  exper iment  was prepared f o r  t h e  f lash lamp exper iment.  
end o f  t h e  broken r o d  had t h e  sane o r i g i n a l  h i g h l y  r e f l e c t i v e  m i r r o r  
c o a t i n g  and t h e  o t h e r  broken end was o p t i c a l l y  po l i shed.  The e n t i r e  
l e n g t h  o f  t h i s  p i e c e  was 3.1 cm. 
F1 ash1 amp Pumped Laser Exper iment 
S ince t h e  CW l a s e r  o p e r a t i o n  was d i f f i c u l t  w i t h  t h e  Nd:YLF c r y s t a l  
The exper imenta l  
The same Nd:YLF r o d  as t h e  one used i n  t h e  s o l a r - s i m u l a t o r  
The one 
The same exper imenta l  setup was used f o r  
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t h e  GSGG except  t h a t  b o t h  f lash lamp and c r y s t a l  were p l a c e d  i n  a 11 mm OD 
and 14 mm ID g l a s s  tube, whose o u t e r  s u r f a c e  was wrapped w i t h  aluminum 
f o i l ,  t o  ensure a t i g h t  o p t i c a l  c o u p l i n g  i n s t e a d  o f  u s i n g  t h e  c a v i t y  used 
f o r  t h e  Nd:YLF. The c a v i t y  l e n g t h  f o r  t h i s  GSGG was about  15 cm. Data 
shown i n  F ig .  18 was t a k e n  w i t h  t h i s  system. Then, a m y l a r  sheet  was 
p laced between t h e  f lash lamp and t h e  GSGG t o  l o w e r  t h e  pump power 
d e n s i t i e s  on t h e  c r y s t a l ,  and t h e  da ta  taken w i t h  t h i s  c o n f i g u r a t i o n  was 
shown i n  F ig .  19. 
From Figs.  5, 11, and 17  i t  can be concluded t h a t  t h e  h i g h e s t  s lope 
e f f i c i e n c y  i s  achieved w i t h  a 95 percent  r e f l e c t a n c e  m i r r o r  f o r  t h e  
Nd:YL.F. F i g u r e s  18 and 19 show t h a t  t h e  s lope e f f i c i e n c y  and t e h  
t h r e s h o l d  o f  t h e  Cr:Nd:GSGG increases  as t h e  o u t p u t  m i r r o r  r e f l e c t a n c e  
decreases. Thus, t h e  s l o p e  e f f i c i e n c y  o f  t h e  GSGG shown i n  F ig .  15 can be 
inc reased by h a v i n g  a 1 ow r e f 1  ectance o u t p u t  m i  r r o r .  
C. T h e o r e t i c a l  A n a l y s i s  on Thermal Focus o f  Cr:Nd:GSGG and Laser C a v i t y  
S tab i  1 i t y .  
The absorbed pump power by a c r y s t a l  r o d  i s  w r i t t e n  as 
where I o ( X , + , z )  i s  t h e  s p e c t r a l  i r r a d i a n c e  o f  t h e  pumpl igh t  a t  t h e  r o d  
s u r f a c e  (W/cm ) ,  € ( A )  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  c r y s t a l  a t  a 
g i v e n  wave- length X (cm), II i s  t h e  pass l e n g t h  o f  t h e  pump bean i n  t h e  
c r y s t a l  (crn), 5 i s  t h e  r e f l e c t i v e  l o s s  c o e f f i c i e n t  o f  pump beam a t  rod 
sur face ,  ro i s  t h e  r o d  r a d i u s  (cm) and L i s  t h e  l e n g t h  o f  r o d  (cm). 
absorbed pump beam power by t h e  c r y s t a l  causes t h e  r a d  a1 tempera ture  
g r a d i e n t  which can be o b t a i n e d  by s o l v i n g  one-dimensional heat  conduct ion  
e q u a t i o n  (Ref. 16)  : 
2 
The 
where K i s  t h e  thermal  c o n d u c t i v i t y  o f  t h e  c r y s t a l .  Thus, t h e  temperature 
d i f f l e r e n c e  between t h e  r o d  s u r f a c e  and r o d  c e n t e r  i s  w r i t t e n  as 
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t h i s  r a d i a l  tempera ture  g r a d i e n t  generates mechanical  s t r e s s e s  i n  t h e  
l a s e r  r o d  and i n t r o d u c e s  t h e  v a r i a t i o n  o f  t h e  r e f r a c t i v e  index. The 
combined e f f e c t  o f  a tempera ture-  and a s t ress-dependent  v a r i a t i o n  o f  t h e  
r e f r a c t i v e  index  i s  expressed as (Ref. 16 and 17). 
n ( r )  = n + A n ( r )  
0 
where no i s  t h e  i n d e x  o f  r e f r a c t i o n  o f  t h e  c r y s t a l ,  a i s  t h e  l i n e a r  
thermal  expansion c o e f f i c i e n t  and C r  and C a r e  t h e  e l a s t o - o p t i c  
c o n s t a n t s  f o r  1 i g h t  w i t h  r a d i a l  and t a n g e n t i a l  p o l a r i z a t i o n .  Th is  r a d i a l  
v a r i a t i o n  o f  t h e  r e f r a c t i v e  i n d e x  makes t h e  c r y s t a l  behave l i k e  l e n s - l i k e  
medi um. 
From t h e  t h e o r e t i c a l  d e r i v a t i o n  shown i n  Appendix we o b t a i n  an 
4) 
e q u a t i o n  f o r  t h e  f o c a l  l e n g t h  o f  t h e  thermal  l e n s i n g  e f f e c t  caused by t h e  
r a d i l i l  v a r i a t i o n  o f  t h e  r e f r a c t i v e  index  as 
2n0 2L -1 b s i n  - 1  f = [ -  b 
and t h e  G parameters f o r  our  l a s e r  r e s o n a t o r  as 
2L s i n  - 2L - - 1 ( 2  b s i n  75- 2L + nod C O S  75-)] 2L 2n od 
b b R1 
al 
a2 
GI = - [ C O S  - -  
= - a 2  [nocos - 2L - - 1 (7 b s i n  2L + nod COS jj-11 2L 
G~ al R2 
(5) 
where d i s  t h e  d i s t a n c e  f rom t h e  f l a t  end o f  t h e  r o d  t o  t h e  o u t p u t  m i r r o r  
and b i s  t h e  measure o f  t h e  degree o f  t h e  v a r i a t i o n  o f  n which can be 
expressed as 
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The m i r r o r  d iameters  a r e  2al and 2a2, r e s p e c t i v e l y ,  and t h e  cor respond ing  
r a d i i  o f  c u r v a t u r e s  a r e  R1 and R 2  which a r e  i l l u s t r a t e d  i n  F ig .  20. 
t h e  s t a b i l i t y  c o n d i t i o n  i s  s p e c i f i e d  i n  t h e  f o l l o w i n g  form: 
Then, 
-1 < G1 G2 1 ( 9 )  
T a b l e  2 l i s t s  t h e  parameters used i n  t h e  c a l c u l a t i o n ,  and Table 3 
shows t h e  c a l c u l a t e d  va lues  o f  absorbed pump power i n  c r y s t a l s ,  t h e  
tempera ture  d i f f e r e n c e  between t h e  c e n t e r  and s u r f a c e  o f  b o t h  Cr:Nd:GSGG 
and f4d:YAG l a s e r  rods, thermal  focus ing ,  and r e s o n a t o r  s t a b i l i t y  c o n d i t i o n  
a t  v a r i o u s  CW p i i ~ i ~ p  powers d e n s i t i e s .  The l a r g e  tempera ture  d i f f e r e n c e  
between s u r f a c e  and c e n t e r  o f  t h e  Gr:Nd:GSGG r o d  causes severe thermal  
f o c u s i n g  compared t o  t h e  Nd:YAG's case even a t  low pump powers. 
s t a b i l i t y  c o n d i t i o n  o f  t h e  Nd:YAG l a s e r  extends up t o  pump power d e n s i t y  
o f  g r e a t e r  t h a n  3,500 s o l a r  cons tan ts ,  t h a t  o f  t h e  Cr:Nd:GSGG l a s e r  
extends o n l y  up t o  1,500 s o l a r  constants .  The exper imenta l  r e s u l t s  agree 
w i t h  t h e s e  c a l c u l a t i o n s .  The d i s t o r t i o n  o f  end-face c u r v a t u r e  o f  t h e  rod  
caused by t h e  r a d i a l  tempera ture  g r a d i e n t  was n e g l e c t e d  i n  o u r  c a l c u l a t i o n  
because b o t h  ends o f  t h e  r o d  were p laced i n  shadow r e g i o n s  f rom t h e  pump 
beam as shown i n  F ig .  4. 
Whi le  t h e  
D. Conc lus ion  
A s tudy  on Nd:YAG, Nd:YLF and Cr:Nd:GSGG m a t e r i a l s  has been per formed 
i n  t h i s  research  f o r  the solar-pumped l a s e r  a p p l i c a t i o n .  The lowest  
t h r e s h o l d  pump power observed w i t h  a 1/8"  d iameter  by 3 '  l o n g  Nd:YLF under 
a s o l a r - s i m u l a t o r  pumping was 129 W which corresponds t o  t h e  pump beam 
i n t e n s i t y  o f  211 s o l a r  c o n s t a n t s  a t  t h e  r o d  sur face ,  and a s l o p e  
e f f i c i e n c y  o f  0.17 p e r c e n t  was achieved a t  near  t h r e s h o l d  r e g i o n  w i t h  an 
o u t p u t  m i r r o r  o f  95 p e r c e n t  r e f l e c t i v i t y .  F o r  a Nd:YAG c r y s t a l  which has 
t h e  same s i z e  as t h e  Nd:YLF, t h e  l o w e s t  t h r e s h o l d  punp power was 143 W 
(cor respond ing  i n t e n s i t y  o f  236 s o l a r  c o n s t a n t s )  and a s l o p e  e f f i c i e n c y  o f  
0.12 p e r c e n t  was achieved a t  near  t h r e s h o l d  r e g i o n  w i t h  an o u t p u t  m i r r o r  
o f  98 p e r c e n t  r e f l e c t i v i t y .  S ince t h e  a b s o r p t i o n  e f f i c i e n c i e s  o f  t h e  
c r y s t a l s  a r e  d i f f e r e n t ,  s p e c i f y i n g  t h e  t h r e s h o l d  c o n d i t i o n  o f  t h e  c r y s t a l  s 
i n  terms o f  t h e  absorbed pump power d e n s i t y  i s  more meaningfu l  i n  t h e  
comparison o f  c r y s t a l s .  The absorbed t h r e s h o l d  pump power d e n s i t i e s  
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cor respond ing  t o  t h e  above t h r e s h o l d  pump powers a r e  8.1 w/cm3 f o r  t h e  
n - p o l a r i z a t i o n  o f  Nd:YLF, 6.0 w/cm3 f o r  t h e  a - p o l a r i z a t i o n  o f  Nd:YLF and 
13.5 w/cm3 f o r  t h e  Nd:YAG. 
Nd:Yl.F i s  about  h a l f  o f  t h a t  o f  Nd:YAG. T h i s  i s  because t h e  a b s o r p t i o n  
e f f i c i e n c y  o f  t h e  Nd:YLF i s  about h a l f  o f  t h a t  o f  t h e  Nd:YAG. 
t h a t  t h e  t h i c k n e s s  o f  t h e  Nd:YLF can be l a r g e r  than t h a t  o f  Nd:YAG f o r  a 
giver1 s o l a r  pump power. From our  measurements i t  was observed t h a t  a 1/4" 
d iameter  Nd:YLF p r o v i d e s  about 23 p e r c e n t  b e t t e r  s l o p e  e f f i c i e n c y  and 
r e q u i r e s  13 p e r c e n t  h i g h e r  t h r e s h o l d  pump power t h a n  a 1/8" d iameter  
Nd : Y I-F does. 
I n  space g e n e r a l l y  two t y p e s  of s o l a r  c o l l e c t o r s ,  p a r a b o l i c  t y p e  and 
The absorbed t h r e s h o l d  pump power d e n s i t y  o f  
Th is  means 
t r o u g h  type,  as shown i n  Figs.  21 and 22, can be used f o r  t h e  l a s e r  
pumping. 
p r o v i d e s  a r e l a t i v e l y  h i g h  s o l a r  beam c o n c e n t r a t i o n  (up t o  t h e  p r a c t i c a l  
l i m i t  o f  40,000 s o l a r  c o n s t a n t s ) ,  t h e  l a s i n g  medium d iameter  should be 
l a r g e  enough t o  have an e f f i c i e n t  use o f  t h e  s o l a r  beam. However, t h e  
l a s i n g  medium d iameter  i s  l i m i t e d  t o  t h e  t h r e s h o l d  pump power d e n s i t y  
requi rement  i n  t h e  e n t i r e  volume o f  t h e  l a s i n g  medium. 
c o n s i d e r a t i o n s  t h e  d iameter  o f  Nd:YLF can be chosen t o  be l a r g e r  than t h a t  
o f  NidzYAG, and t h e  Nd:YLF w i l l  p r o v i d e  h i g h e r  l a s e r  o u t p u t  than t h e  
Nd:Y'AG. Problems i n v o l v e d  w i t h  t h e  l a r g e  d iameter  a r e  growth o f  a such 
b i g  c r y s t a l  and a l a r g e  temperature grad ience between r o d  s u r f a c e  and 
center .  These problems may be so lved by hav ing  a bund le  o f  t h i n  c r y s t a l  
rod:;. On t h e  o t h e r  hand, t h e  t r o u g h  t y p e  c o l l e c t o r  p r o v i d e s  t h e  maximum 
s o l a r  beam c o n c e n t r a t i o n  o f  o n l y  200 s o l a r  constants .  N e i t h e r  o f  Nd:YAG 
and Nd:YLF rods w i t h  a 1/8" d iameter  i s  s u i t a b l e  f o r  t h e  t r o u g h  t y p e  
c o l l e c t o r .  However, t h e  c r y s t a l s  w i t h  a d iameter  s m a l l e r  t h a n  1/8" migh t  
he u s e f u l  f o r  t h i s  t y p e  of  c o l l e c t o r .  F u r t h e r  exper imenta l  s tudy  on t h i s  
sub.ject should be due t o  de termine t h e  p o s s i b i l i t y .  
d i f f i c u l t  w i t h  t h e  cont inuous  s o l a r - s i m u l a t o r  pumping because o f  t o o  much 
thermal  l e n s i n g  e f f e c t  caused by a l a r g e  amount o f  t h e  pump bean absorp- 
t i o n  i n  t h e  c r y s t a l .  
observed f o r  pump power d e n s i t i e s  up t o  1500 s o l a r  c o n s t a n t s  
(=230 W/cm'). 
2,500 s o l a r  c o n s t a n t s  (=338 W/cm2) a quasi  CW l a s e r  o p e r a t i o n  was 
S ince  t h e  p a r a b o l i c  ( o r  m o d i f i e d  p a r a b o l i c )  t y p e  c o l l e c t o r  
From t h e s e  
The CW l a s e r  o p e r a t i o n  o f  t h e  Cr:Nd:GSGG c r y s t a l  was found t o  be v e r y  
The t r u e  CW l a s e r  o p e r a t i o n  o f  t h e  Cr:Nd:GSGG was 
For  pump power d e n s i t i e s  f rom 1,500 s o l a r  c o n s t a n t s  t o  
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demonstrated. The d i f f i c u l t y  of t h e  CW l a s e r  o p e r a t i o n  o f  t h e  Cr:Nd:GSGG 
c r y s t a l  was a l s o  observed by Barnes, e t  a l . ,  i n  Ref. 3. Our c a l c u l a t i o n  
shows t h a t  t h e  amount of s o l a r  beam a b s o r p t i o n  by t h e  Cr:Nd:GSGG i s  about 
6 t imes l a r g e r  t h a n  t h a t  by t h e  Nd:YAG f o r  t h e  same incoming beam and t h e  
thermal  f o c u s i n g  o f  t h e  Cr:Nd:GSGG i s  more t h a n  10 t i m e s  g r e a t e r  than t h a t  
o f  t h e  Nd:YAG. The c r y s t a l  was damaged by thermal  c r a c k i n g  when t h e  quasi  
CW lz iser  o p e r a t i o n  was performed a t  a pump power d e n s i t y  of about 3,000 
s o l a r  c o n s t a n t s  (=405 W/cm2) f o r  severa l  minutes.  We found t h a t  b e t t e r  
s o l  ai--pumped l a s e r  performance o f  t h e  Cr:Nd:GSGG over  t h e  Nd:YAG expected 
i n  Ref. 2 may be d i f f i c u l t  t o  r e a l i z e .  However, t h e  l a s e r  performance o f  
t h e  Cr:Nd:GSGG c r y s t a l  w i t h  a smal l  d iameter  should be f u r t h e r  
i n v e s t i g a t e d  under low pump power d e n s i t i e s  o f  t h e  p o s s i b l e  use w i th  t h e  
troulgh t y p e  c o l l e c t o r ,  and t h e  use o f  a f i b e r  bund le  o f  t h e  c r y s t a l  in t h e  
p a r a b o l i c  t y p e  c o l l e c t o r  shou ld  be a l s o  i n v e s t i g a t e d  f o r  a h i g h  power 
a p p l i c a t i o n .  
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E. Appendix 
(b/t)sin(ZL/b) 1 0  cos(ZL/b) 
According to Refs. 20 and 21 the ray matrix relating the output ray 
( x 2 , x i )  to the input ray (xo, x:) in a lens like medium whose refractive index 
n V i P r i e s  near optic axis as in 2 2  n = no( 1 - 2 r /b is written as 
xO 
- ( 2no/b 1s in( 2L/b nocos(2L/b) 
where n 
and L is the distance between the input and output ray points in the lenslike 
medlum. 
outlput mirror is related to the input ray ( x o ,  x:) by the combination of the 
above ray matrix and a ray matrix in a free space: 
is a constant, b is the measure of the degree of the variation of n 
For the resonator shown in Fig.$@ the output ray (x3,  x i )  at the 
x; 
x3 1 d  x2 
cos (2L/b)- (2nod/b 1s in( 2L/b) (b/2 )sin(ZL/b)+ nod cos (2L/b) xo = * l I x J  
-(2no/b)sin(2L/b) no cos(2L/b) 
9 
where A = cos(2L/b) - (2nod/b>sin(2L/b) 
B = (b/Z)sin(2L/b) + n d cos (2L/b) 
C = - (2no/b> sin(2L/b? 
D = no cos(ZL/b) 
Thus, the focal length of the lenslike medium is written as 
f = - 1/C = [(2no/b) sin(ZL/b)]" 
and G parameters of the optical resonator shown in Fig.4 are written a6 
0 1  4 
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1 d  
= 
cos(2L/b) (b/2 sin ( 2L/b 1 
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Exper imenta l  setup t o  measure t h e  s o l a r - s i m u l  a t o r ' s  beam 
i n t e n s i t y  d i s t r i b u t i o n  measurement i n s i d e  t r a n s p a r e n t  o r  d i f f u s e d  
g l a s s  tubes.  
The d i s t r i b u t i o n  o f  t h e  s o l a r - s i m u l a t o r  beam i n t e n s i t y  a t  t h e  
s u r f a c e  o f  3.2 mm c r y s t a l  r o d  which was p laced a long t h e  
c o l l e c t o r  cone a x i s  and covered w i t h  v a r i o u s  g l a s s  tubes. 
s o l a r - s i m u l a t o r ' s  i n p u t  c u r r e n t  used was 200 A. 
The 
The s o l a r  s i r n u l a t o r ' s  beam i n t e n s i t y  a t  t h e  3.2 mm c r y s t a l  r o d  
s u r f a c e  as a f u n c t i o n  o f  t h e  i n p u t  c u r r e n t .  
Exper imenta l  se tup  used f o r  CW (or  quasi  CW) l a s e r  o p e r a t i o n  o f  
t h e  3 c r y s t a l s  w i t h  a s o l a r - s i m u l a t o r  as a pumping source. PD: 
s i  1 i c o n  photodiode. 
The a b s o r p t i o n  spectrum o f  the  1.1 a t  % Nd:YAG c r y s t a l  i n c l u d i n g  
t h e  background a b s o r p t i o n  compared w i t h  t h e  s p e c t r a l  i r r a d i a n c e  
o f  t h e  a i r -mass-zero s o l a r  spectrum. 
Th a b s o r p t i o  spectrum30f Cr:N$GSGG w i t h  op ing  de s i t i e s  o f  
C r "  = 2 x loho ions/cm and Nd ions/crn' i n c l u d i n g  
t h e  background a b s o r p t i o n  compared w i t h  t h e  s p e c t r a l  i r r a d i a n c e  
o f  t h e  a i r - n a s s - z e r o  s o l a r  spectrum. 
= 2 x 
The a b s o r p t i o n  spectrum o f  1.5 a t  % Nd:YFL ( n - p o 1 a r i z e d ) c r y s t a l  
compared w i t h  t h e  s p e c t r a l  i r r a d i a n c e  o f  t h e  a i  r-mass-zero s o l a r  
spectrum. 
The a b s o r p t i o n  spectrum o f  1.5 a t  % Nd:YLF ( a - p o 1 a r i z e d ) c r y s t a l  
compared w i t h  t h e  s p e c t r a l  i r r a d i a n c e  o f  t h e  a i r -mass-zero s o l a r  
spectrum. 
CW l a s e r  o u t p u t s  f rom t h e  Nd:YAG and Nd:YLF c r y s t a l s  w i t h  v a r i o u s  
o u t p u t  coup1 i n g  m i r r o r s  and w i t h  v a r i o u s  s o l  a r - s i m u l a t o r ' s  pump 
powers. Three d i f f e r e n t  o u t p u t  m i r r o r s  were used i n  t h i s  
measurement, and each had a c u r v a t u r e  o f  0.3 m .  
The CW l a s e r  o u t p u t  o f  Nd:YAG w i t h  v a r i o u s  o u t p u t  c o u p l i n g  
m i r r o r s  as a f u n c t i o n  of i n p u t  pump power. The p e r c e n t  va lues  
shown i n  t h e  f i g u r e  a r e  t h e  r e f l e c t a n c e  o f  t h e  m i r r o r s  a t  
1.06 clm , and t h e  f o l l o w i n g  va lues  a r e  t h e  r a d i i  of  t h e  c u r v a t u r e  
o f  t h e  m i  rrors. 
The CW l a s e r  o u t p u t  o f  a 1/8"  d iameter  and 3'' l o n g  Nd:YLF r o d  
w i t h  two d i f f e r e n t  o u t p u t  m i r r o r s  as a f u n c t i o n  o f  i n p u t  pump 
power. 
r e f l e c t a n c e  and r a d i u s  o f  c u r v a t u r e .  
The numbers shown bes ide  t h e  da ta  p o i n t s  a r e  t h e  m i r r o r  
The CW l a s e r  o u t p u t  f rom two d i f f e r e n t  d iameters  o f  Nd:YLF rods 
which have t h e  same l e n g t h  (3  i n c h e s )  as a f u n c t i o n  o f  pump power 
a t  near  t h e r e s h o l d  reg ion.  The da ta  was taken w i t h  t h r e e  d i f f -  
e r e n t  g l a s s  tubes f o r  t h e  water  j a c k e t  shown i n  F igs.  4 and 5. 
52 
F i g u r e  13. 
Figuire 14. 
F i g u r e  15. 
F i g u r e  16. 
F i g u r e  17. 
F i g u r e  18. 
F i g u r e  19. 
F i g u r e  20. 
F i g u r e  21. 
F i g u r e  22. 
The CW l a s e r  o u t p u t  from two d i f f e r e n t  d iameters  o f  Nd:YLF rods, 
b o t h  o f  which have t h e  same l e n g t h  of  3 inches,  as a f u n c t i o n  o f  
pump power. 
t h e  water  j a c k e t  shown i n  Fig.  4. 
The da ta  was taken w i t h  a t r a n s p a r e n t  g l a s s  t u b e  f o r  
The CW l a s e r  o u t p u t  f rom a 1/8" d iameter  Nd:YLF r o d  as a f u n c t i o n  
o f  pump power w i t h  water  c i r c u l a t i o n  and w i t h  dye c i r c u l a t i o n  i n  
t h e  c o o l i n g  j a c k e t .  The g l a s s  t u b e  used i n  t h i s  measurement had 
13 mm o u t e r  d iameter  and 11 mm i n n e r  diameter.  See t e x t  f o r  
d i s c u s s i o n  on these data. 
CW l a s e r  o u t p u t  powers o f  t h e  Nd:YAG and Nd:YLF c r y s t a l s  and 
average power o f  t h e  quasi-CW l a s e r  o u t p u t  o f  t h e  Cr:Nd:GSGG 
c r y s t a l  a t  v a r i o u s  pump powers. Comparison among t h e  c r y s t a l s  
may n o t  be made from t h i s  drawing. See t e x t  f o r  reason. The 
s i z e  o f  each c r y s t a l  r o d  was 1/8" t h i c k  and 3" long.  
Exper imenta l  setup f o r  f lash lamp exper iment.  A 1.3 PF c a p a c i t o r  
was used a long w i t h  t h e  power supply.  PD: s i l i c o n  photodiode,  
ND: n e u t r a l  d e n s i t y  f i l t e r  and BS: beam s p l i t t e r .  
The o u t p u t  energy o f  t h e  flashlamp-pumped Nd:YLF l a s e r  w i t h  
v a r i o u s  o u t p u t  c o u p l i n g  m i r r o r s  as a f u n c t i o n  o f  t h e  e l e c t r i c a l  
i n p u t  energy. 
Flashlamp-pumped Cr:Nd:GSGG l a s e r  o u t p u t  w i t h  v a r i o u s  o u t p u t  
m i r r o r s  as a f u n c t i o n  of  i n p u t  energy. The sca les  a r e  n o t  
comparable w i t h  t h e  ones i n  Figs.  17  and 19 because t h e  
exper imenta l  c o n d i t i o n  was changed. 
Flashlamp-pumped Cr:Nd:GSGG l a s e r  o u t p u t  w i t h  v a r i o u s  o u t p u t  
m i r r o r s  as a f u n c t i o n  o f  low i n p u t  energy. The x - a x i s  s c a l e  
shou ld  n o t  be compared w i t h  t h a t  i n  F ig .  18 because t h e  
exper imenta l  c o n d i t i o n  was changed. 
A d iagram showing r a y  p o s i t i o n s  ( x )  and d i r e c t i o n s  ( X I )  w i t h  
r e s p e c t  t o  t h e  c e n t r a l  a x i s  l i n e  a t  v a r i o u s  p o s i t i o n s  i n  t h e  
l a s e r  c a v i t y  used i n  our  exper iment  2a, and 2a2 a r e  t h e  d iameters  
o f  t h e  m i r r o r s ,  and R1 and R 2  a r e  t h e  r a d i i  o f  t h e  m i r r o r  
curva tures .  
Solar-pumped l a s e r  system w i t h  a p a r a b o l i c  c o l l e c t o r .  
Sol ar-pumped 1 aser-amp1 i f i e r  system w i t h  a t r o u g h  t y p e  of  
c o l  1 e c t o r .  
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3 .  
The rod length L was replaced in the absorbed pump power calculations 
with the length of rod exposed to the pump light which is about 
6.9 cm. 
The value for reflective 1066 coefficient,(, at the rod surface was 
approximated. 
The path length of the pump beam in the crystal is calculated as 
~=2ro'cos[sin-1 ( s i n  45°/no)] for a 4 5 O  incident light. 
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Table 3. Absorbed pump power in the crystal, temperature difference 
between center and surface of laser rod, thermal focus, and 
Stability condition. 
- 
SOLAR ABSORBED T(O)-T(R) Fr FO STAB I L ITY 
CONSTANT POWER(W) (degree) (cm) (cm) Gl-G2 CORD IT ION 
Cr:Nd:GSGG 
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